The CERN Antiproton Accumulator captures 3.5 GeV/c antiprotons with a nominal transverse acceptance of 100w mm.mrad in each plane. The transverse phase space population has been predicted by tracking antiprotons, created in the production target, through the transport line into the Accumulator. The predicted betatron amplitude distributions have been compared to those measured using internal scrapers in a zero momentum dispersion region. It is found that the antiproton population fits the predictions at low amplitudes, but for amplitudes beyond about half of the maximum values there is a progressive depopulation resulting in an overall shortfall in integrated antiproton yield by a factor of about two. This is attributed to the effects of linear and non-linear transverse coupling. After correction by skew quadrupoles and sextupoles the shortfall is reduced significantly but not entirely eliminated due to the practical difficulties in achieving complete compensation of the coupling forces.
Introduction
The Antiproton Accumulator, AA, was designed to have a nominal transverse acceptance on the inje(ction orbit of 100w mm.mrad in each plane. The transverse phase-space density of antiprotons just after injection had been predicted by tracking antiprotons from the production target into the Accumulator. The inner regions of phase-space in XX' and YY' were expected to be of uniform density with some decrease towards the acceptance limits due to fall-off in antiproton production with angle and depth of focus restrictions at the target. A rectangular machine aperture was assumed.
In practice, although the phase-space density is as predicted out to transverse acceptances of about 40w mm.mrad in each plane, the rate of depletion with increasing acceptance is greater than that given by this simple model. This is illustrated in Fig. 1 
Calibration
Although the position of the scrapers during amplitude scans is known to ±0.1 mm, the proportionality between the rate at which antiprotons strike the scraper as it moves and the counting rate had to be tested. This was done by scraping a high intensity pro--ton beam (mis-steered at injection to give large hori--zontal betatron amplitudes), again using the current transformer as the reference monitor and the entire AA operating with reverse electrical polarity to preserve the directional sense of antiprotons. As Fig. 2 Fig. 1 . This is mainly due to the machine aperture being effectively elliptical instead of rectangular. However, there is also some depletion in the particle distribution at large amplitudes within the ellipse, due to effects discussed below. The fact that the observed distribution is a machine effect and is not due to a shortage of antiprotons at large transverse momenta can be demonstrated by injecting antiprotons and then, using the injection kicker as a full-aperture asynchronous kicker, kicking the beam horizontally in an attempt to reproduce the triangular distribution of Fig. 2 . Whatever the kick given to the antiprotons, the large-amplitude part of the distribution after the loss of particles resulting from the kick is always the same, although with large enough kicks there remain no particles with zero amplitude. This is demonstrated in Fig. 3 . The so-called soft aperture limit which this represents can be modified by changing the machine tune and the strengths of its skew quadrupole and sextupoles. In Fig. 4 Qh -Qv = 0. It can transfer energy from the horizontal betatron motion into the vertical plane. The amplitude of the vertical motion grows at the expense of the horizontal motion. After a fraction of the energy has been transferred it flows back again, oscillating between the two planes. A particle which is injected with the maximum amplitude that can be accepted by a rectangular vacuum chamber in both planes may circulate for a few turns in the corner of the chamber but will hit the wall as one or other of the amplitudes grows at the expense of the other.
Fortunately, it is the average skew quadrupole which drives this effect and not a higher Fourier component of the azimuthal distribution. Provided the betatron phase advances do not overtake each other by more than a few tens of degrees one may expect to compensate the driving term with a single, judiciously placed skew quadrupole. This has been done in the accumulator by observing the vertical betatron sidebands with a spectrum analyzer while exciting horizontal betatron motion. The results agree with simple yield optimization.They also show that, while the compensation needed ismomentum dependent, its variation from injection orbit to stack is only 20%.
Non-linear coupling is less well understood, but began to appear in particle simulation with programs such as PATRICIA6 and MAD7 as a raggedness of the smooth elliptical trajectory which one might expect a particle to describe in betatron phase space. In animated real-time tracking, the motion appears stable and harmonic within an outer and an inner ellipse which include the unperturbed trajectory. The The encouraging results led to the installation of another ISR recuperated sextupole in the diametrically opposite, second non--dispersive section 13 of the AA. Various experiments13 were carried out with one-at-a-time and coupled strategies to find the optimum combined settings for these 2 sextupoles.
The experiments gave a 20% improvement in the global accumulation yield and a somewhat smaller increase of 12% in the injection yield (Fig. 5) , using both the sextupoles for correction of the non-linear coupling resonance, the nearest being 2Qv -2Qh 0. 
Conclusion
The Antiproton Accumulator has the unusual feature that it is designed to accept any antiprotons which fall within the aperture of its rectangular vacuum chamber. By careful orbit correction one may achieve acceptances within 20% of the ideal figure. However, techniques which measure the two dimensional projection of the tenuous cloud of injected antiprotons reveal that the particles which simultaneously have maximum excursions in both planes are lost soon after injection. Manipulation of a skew quadrupole and a normal sextupole consistently improve the yield of antiprotons accepted and seem to help avoid losses from the corners of the distribution. w w w w w s s s w | w w X w
